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INTRODUCTION

The use of computers to aid in the identification of phases
from their powder diffraction patterns was pioneered in the mid
1960"s by Frevel, Nichols and Johnson (1-3). Today's most widely
used Johnson algorithm conducts a reverse sequential search by

f.' comparing each reference pattern in the JCPDS powder diffraction
file (PDF) to the unknown pattern. A flgure of merit is computed
for each match and the patterns with the best figures of merit
are listed at the end of the search. The Nichols approach is a
reverse search of a singly inverted reference file. An inverted

. file is one which stores the reference patterns according to the
d value of the lowest angle 100% intensity line (d;). This type
of file is analogous to the Hanawalt search books distributed by
the JCPDS for manual searching. When an inverted file is stored
in a random format, along with suitable disk directory files,
only reference patterns containing dy values of interest need be
read in the search.

Both the Johnson and Nichols algorithms use the full PDF
which today contains about 35000 patterns of highly variable
quality (4). The Frevel algorithm is the only one, to date,
which attempts to deal with the problem of poor quality reference
patterns. Thils approach also uses a singly inverted reference
file; however, the file is restricted to three hundred commonly
identified phases in unmknowns (5). The use of this drastically
restricted file enabled this algorithm to be the first to be
converted to run on a laboratoty sized minicomputer. This pro-
gram has been recently generalized by Edmonds. Johnson has also
converted his algorithm for use on a minicomputer but due to the
exhaustive search approach it also must use a greatly reduced
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Frevel type of reference file,

Recent developments in computer technology have brought
powerful minicomputers with large amounts of mass storage into a
price range that most laboratories can afford. This in turn has
increased the deslrability of a full PDF minicomputer search-match
system, For reasons of either mass storage capacity or computa-
tional speed none of the existing algorithms are directly convert-
able to a minicomputer enviroonment. The development of the full
PDF search-match system described here was done under the sponsor-
ship of the Siemens Corporation and is currently part of the soft-
ware supporting their D500 powder diffraction system.

DESIGN CONSTRAINTIS

For the implementatiom of a full file search-match system on

a modern minicomputer a number of desirable or essential features

must. be incorporated. The following design constraints, once

established, dictated the form of the search algorithm.

1) The entire data base should be contained in less than five
megabytes of disk storage. This allows for implementation
on all but the very smallest of current laboratory mini-—
computer configurations. To meet this constraint a binary
compression format was devised for each of the active patterns
in the PDF. All d values are converted to integer d-codes by
dividing them into 1000. Thus the integers 1 to 2048 will
represent d values ranging from 1000 to 0.488. This integer
conversion of the d values introduces an average A28 round off
error of 0.025°, for Cu radiation d values greater than 1.0,
with a maximum round off of 0.05°. Since the average 420 for
the cubic patterns in the PDF is 0.1° (4), the maximum round
off error of 0.05° does not significantly degrade the reference
data. The advantage is that the integers 1 to 2048 can be
stored Iin 11 binary bits. :

Using 11 bits to store the integer d-code leaves five blts
which can be used to encode the intensity value and result in
the storing of each d-I pair in one 16 bit minicomputer word.
Intensities are therefore stored on a scale of 0 te 30. On
removing the trailing blanks from the formula the above meas~
ures allow for the compression of the 15 megabyte PDF into
about 2.5 megabytes. ‘

2) Due to the slow input/output speeds of minicomputers the entire
data base sghould not be searched. This constraint dictates the
use of an inverted file with a Hanawalt search strategy. How-
ever, a random file structure would violate the file size con-
straint discussed above. The solution of this dilemma is to
create a pseudo-random or indexed sequential file structure.
This type of file is inverted by sorting the patterns according
to thelr dj values and then the sorted, binary compressed
patterns are written sequentially to a disk file. A single
disk access will put the program to within 256 woxrds of the
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pattern or d; range of patterns desired. A double buffered
assembly language subroutine performs this function with a
negligible amount of time wasted 1oaking at patterns outside
the desired d; range.

3) Since floating point arithmetic is very slow on most mini-
computers it should be avoided. This design contraint is met
by first converting the input d values of the unknown pattern
into integer d-codes. The entire reverse search is then con-
ducted using only integer arithmetic.

4) Fach yearly update to the PDF should be added to the search
system with minimum effort. To meet this design consgtraint
each of the sets of the PDF are independently inverted and
stored. This produces 28 data files each with an associated
d; and PDF number directory file.

5) Due to the large volume of patterns in the PDF, and the low
probability of most of them being found in common unknowns, a
strategy which searches the most likely references first will
greatly minimize search time, Following the work of Frevel (5)
a file containing approximately 300 of the most common phases
in unknowns was created in exactly the same format as described
above. This file called the MICRO file is searched first.

Any correctly metched phases are quantitatively subtracted from
the unknown and only the residual pattern is passed on for fur-
ther searching. The list of 2500 phases which the JCPDS has
designated as frequently encountered have been gathered into a
second file called MINL. This file is searched in the second
phase of a search. The full 28 set MAXI file is only searched
if a2 residual pattern remains after the MICRO and MINI file
searches have been completed.

THE SEARCH ALGORITHM

The hierarchical Hanawalt search proceeds as follows:
1) The dj disk block directory of the MICRC file is read into
MEROLY .
2) A binary search procedure is used to locate the disk blocks
containing the reference patterns whose dj values lie within
a + 0.1° 26 Cu error window around the di of the unknown.
3) Each reference pattern in the correct dj range must pass the
following three tests:
a. Its subfile code (e.g. inorganic, mineral, etc.) must agree
with those specified by the user.
b. All diffraction lines with I> 50 must at least be present
in the unknown.
¢. If the user specified chemical constraints, they must be met.
4) For those patterns which pass the tests a figure of merit (FOM)
is. computed as described in the next section.
5) The single reference pattern with the highest FOM for dp is
saved for the MATCH procedure.
6) Steps 2 through 5 are repeated for lines d2 and d3-
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f‘. 7) The MATCH routine is where one or more of the three saved
- patterns may be quantitatively subtracted from the unknown.

If a matech was found the rescaled residual pattern with a
new dj value is returned and the search procedure is repeated
starting at step 2. If no match is found steps 2 through 7
are repeated with an error window of + 0.2° 20 Cu. If this
also fails to produce a match the entire procedure is repeated
using the.next three most intense lines of the unknown (d4
through dg) and then again for d; through dg.

8) When no (further) matches are found on searching the 9 highest
intensity lines in the (residual) unknown pattern the MICRO
file is abandoned. Steps 1 through 7 are then repeated on
the MINL file. If any residual pattern remains after the MINI
file search, steps 1 through 6 are repeated for each of the

- 28 files in the MAXI file. After the 28 set MAXI file search
is complete 7 is executed, and the process is repeated for
lines d; through dg.

The search program accepts data from either the d-I file out-
put by the automated data reduction (ADR) program (6) or from
manual entry. It rejects any K,» lines and only searches patterns
in the user selected subfiles, Chemical constraints may be applied.

THE MATCH ALGORITHM

The match routine is entered to evaluate the three patterns

found by the search. Any pattern with a figure of merit less than
n 10 is rejected. If chemistry checking is in effect this minimum

acceptable FOM value is lowered to 7.0. The acceptance of an
incorrect pattern at this stage will so distort the residual pat-
tern as to make any further correct matches unlikely.

The Figure of Merit contains only three terms:

2

FOM = dR-x IR X dU

= percent of reference lines which match the unknown
and which have I>I of the lowest matched line.

IR-= percent of the reference intensity matched.

vdU = percent of the unknown lines matched.

The d; term does not take into .account the closeness of the
d agreement. If an unknown line falls within the rather wide
error window of the reference line it is called a mateh. The
goodness of fit is only considered when the windows of multiple
lines overlap, and then only to match the correct reference and
unknown intensities. Since the average 426 Cu for the 2000
indexable cubic PDF patterns is 0.1° (4) and over 1000 are not
indexable within a z 0.5° error window, any term in the FOM which
considers goodness of fit beyond the match/no match criteriom is
not justified.
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